during the time of analysis; this appears to be the case (compare methods in Tables 1 and S1 ). Since the residence times estimated by the indirect method were statistically indistinguishable between independent observers (data not shown), and nearly all of the differences found between specific conditions were found by using both the direct and indirect methods (Tables 1, 2 , and S1), we conclude that both methods are valid means of comparing microtubule residence times at the cortex, although only the direct method produces the true residence times. Although our approach does not allow us We quantified microtubule residence time at the cortex by using this approach and found a difference in stability between anterior and posterior microtubules bules that shorten and those that leave the plane of during posterior spindle displacement. As shown in Figfocus and was therefore not suitable to accurately quanure 3, anterior microtubules stayed at the cortex for an tify microtubule dynamics. average of 16.5 Ϯ 1.0 s, while posterior microtubules We therefore devised an approach to directly assess stayed at the cortex for 14.5 Ϯ 0.6 s (mean Ϯ SE over the stability of individual microtubules at the cortex. ten embryos); this difference is statistically significant Embryos were mounted on agarose pads as described (p Ͻ 0.05; Table 1 ). These results indicate that anterior previously [18] . In this method, applying a coverslip flatmicrotubules reside at the cortex on average 15% longer tens the upper surface of each embryo (Figure 1 ; see the than posterior microtubules. For convenience, we refer Experimental Procedures). Focusing near the coverslip to our imaging approach as CIMS, for cortical imaging allowed the simultaneous imaging of both the anterior of microtubule stability. and posterior cortex, where the pulling force-modulating proteins PAR-3 and PAR-2, respectively, are localized [17, 19] . Monitoring microtubule properties in these re-
The PAR Proteins Regulate Microtubule Dynamics at the Cortex gions of the cortex is relevant because pulling forces are active at these sites (S. Grill and T. Hyman, personal The fact that microtubules are more stable at the anterior cortex of the embryo during posterior spindle displacecommunication; J.-C.L. and B.G., unpublished data). By this method, tips of microtubules at the cortex are visible ment suggested that PAR proteins could regulate microtubule stability. We set out to test this more directly as individual dots or short line segments of fluorescence, while microtubules that shorten away from the by looking at microtubule stability in polarity-defective embryos, mutant for either par-1, par-2, or par-3, in cortex are no longer visible (Figures 2A and 2B ). Although microtubules could also disappear from the which posterior spindle displacement is compromised [19] . The localization of the PAR-2 and PAR-3 proteins plane of focus by being severed at the centrosome and depolymerized along their entire length while remaining at the cortex is mutually exclusive, and disrupting the function of either protein causes the other one to spread attached to the cortex, analysis of individual time-lapse images at the middle plane revealed little or no microtuuniformly around the cortex [4]. The protein PAR-1, which contains motifs found in microtubule affinity-regbule severing at the centrosome between the events of pronuclear envelope breakdown and the start of anaulating kinases (MARKs) [20] , also shows different localization patterns in par-2 and par-3 mutant backgrounds: phase (data not shown). Imaging at the cell cortex has the advantage of assessing directly the presence of in par-3 mutant embryos, the PAR-1 protein is present uniformly at the anterior and posterior cortex, while, in individual microtubules at the anterior and posterior cortex in the same embryo, and it eliminates the problem par-2 mutants, PAR-1 is not localized at the cortex [4]. We quantified the residence time of microtubules at of microtubules going in and out of the plane of focus.
Microtubule residence time at the cortex was quantithe cortex by CIMS in wild-type par-1(RNAi), par-2(RNAi), and par-3(RNAi) embryos at the time that postefied by two methods (see the Experimental Procedures): a direct method that relies on counting the length in rior spindle displacement normally occurs in wild-type. In wild-type embryos, the position of the sperm pronutime during which each microtubule is present at the cortical plane in a time-lapse series of images (Table 1 cleus defines the posterior [21] . Because par mutants fail to establish proper embryonic polarity, we defined and Figure S2) , and an indirect method that depends on kymocube analysis in given sections of cortex (Figure  the posterior side of the embryo as the pole where the  sperm pronucleus was visible before the pronuclei met.  S3 and Table S1 ). The indirect method has the advantage of facilitating the quantification of the residence We first quantified microtubule stability at the cortex of par-1(RNAi) embryos, in which the spindle still moves times of large numbers of microtubules. However, we expected this method to produce consistent underestiposterior, albeit to a lesser extent than in wild-type embryos (see the Experimental Procedures). As shown in mates of true residence time, since this method excludes dimly fluorescent time segments as well as mi- Figure 3 , disrupting the function of par-1 had slight effects on microtubule dynamics, but the residence time crotubules that enter and leave the kymocube section Figure 3 ). This indiembryos, the localization of PAR-2 and PAR-3 proteins is unaffected and polarity is normal, indicating that G cates that PAR-2 and PAR-3 are required for the asymmetric regulation of microtubule dynamics at the cortex proteins affect spindle position downstream of the PAR proteins [24] . This is similar to the situation in Drosophila in C. elegans embryos. Furthermore, the residence time at the cortex of microtubules in par-2(RNAi) embryos neuroblasts, where heterotrimeric G protein signaling is also required downstream of Bazooka (Baz), a PAR-3 was on average 14% longer than in par-3(RNAi) embryos (Tables 1 and 2 ), which suggests that PAR-2 and PAR-3 homolog, for asymmetric cell division [25] . While G␣ was found to be localized symmetrically at the cortex and proteins have opposite effects on microtubule stability.
In order to assess whether PAR-2 affects microtubule on asters in a C. elegans embryo [24] , it is localized asymmetrically at the apical cortex of Drosophila neurodynamics by altering the localization of PAR-3, or vice versa, we quantified the residence time of microtubules blasts and at the anterior cortex of sensory organ precursor cells [25] ; this finding suggests at least some at the cortex in embryos in which the function of both par-2 and par-3 was disrupted simultaneously. We differences in the regulation of G protein signaling in these organisms. We asked whether heterotrimeric G found that microtubule residence time at the cortex in the double par-2(RNAi); par-3(RNAi) is similar to parprotein signaling regulates microtubule dynamics at the cortex in C. elegans. We quantified microtubule resi-3(RNAi) single embryos (Table 2 and Figure 3 ). This suggests that PAR-3 is required to stabilize microtubules, dence time at the cortex by CIMS in G␣(RNAi) embryos and found that anterior and posterior microtubules have and that the effect of PAR-2 on microtubule stability likely occurs through excluding PAR-3 from the posteequal stability at the cortex when the function of G␣ is disrupted (Table 1 and Figure 3) . This indicates that G rior cortex of the embryo. This is consistent with previous results that demonstrated that par-3 is epistatic to protein activity is required to asymmetrically regulate microtubule dynamics in C. elegans embryos. par-2 for centrosome rotation and spindle orientation in the 2-cell embryo [22] . Taken together, these results
The average residence time of microtubules at the cortex in G␣(RNAi) embryos was not consistently differindicate that PAR-3 participates in the regulation of microtubule dynamics at the cortex in a way that is indeent from that of microtubules in par-2(RNAi) or par-3(RNAi) embryos (compare p values from methods 1 pendent of par-1 activity, and that PAR-2 affects micro- anteroposterior axis of the embryo could modulate these pulling forces to influence posterior spindle disstabilizes microtubules and that PAR-2 affects microtubule stability by restricting PAR-3 activity to the anterior placement, a mechanism that has previously been proposed by Grill et al. from computer simulation experiof the embryo. Because disruption of G␣ does not yield results that are consistently distinguishable from those ments [17] . One possibility that is consistent with current data is that a limiting number of motor proteins, such obtained by disruption of par-2 or par-3 (by using each of our methods of analysis), we cannot clearly ascribe as dynein motors, are present at the cell cortex to pull a fraction of the microtubules, and decreasing the stabila role for G␣ in stabilizing or destabilizing microtubules. ity of microtubules in the posterior eliminates microtuage growth rate of 35.7 Ϯ 9.5 m/min (n ϭ 7) and a shortening rate of 31.8 Ϯ 12.2 m/min (n ϭ 5) for microtubules that do not engage dyneins. Such unengaged microtubules might obstruct pulling forces and impede bules at the cortex of C. elegans embryos undergoing mitosis. These rates are faster than those measured for movement of the spindle. In this regard, the large subunit of dynein (DHC-1) has been shown to localize to the microtubules in cultured cells but are similar to those observed in clarified Xenopus egg extracts [36] . CIMS entire cell cortex during metaphase and anaphase [28] ; however, whether active DHC-1 is present in limiting may prove useful for studying microtubule dynamics in other thick biological specimens, such as Drosophila, concentrations in the cortex has yet to be determined. Alternatively, asymmetrically localized minus end-directXenopus, and echinoderm embryos. ed motor activity at the cortex of the embryo might itself locally influence microtubule dynamics, and the Conclusions difference in microtubule stability at the cortex that we We conclude that PAR proteins and G protein signaling observed might be a consequence of an asymmetry in regulate the stability of individual microtubules at the motor activity. PAR proteins and G proteins also influcortex of C. elegans embryos. This indicates that proence other microtubule-dependent processes in the emteins that regulate asymmetric cell division also modubryo, such as spindle rocking and centrosome rotation late microtubule dynamics at the cell cortex. at the 2-cell stage [24] . The asymmetry in microtubule stability at the cortex that we observed might also con- 
